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ABSTRACT
Nanoclusters are objects made up of several to thousands of atoms and form a transitional state of mat-
ter between single atoms and bulk materials. Due to their large surface-to-volume ratio, nanoclusters
exhibit exciting and yet poorly studied size dependent properties.
When deposited directly on bare metal surfaces, the interaction of the cluster with the substrate leads
to alteration of the cluster properties, making it less or even non-functional. Surfaces modified with
self-assembled monolayers (SAMs) were shown to form an interesting alternative platform, because
of the possibility to control wettability by decreasing the surface reactivity and to add functionalities
to pre-formed nanoclusters.
In this thesis, the underlying size effects and the influence of the nanocluster environment are investi-
gated. The emphasis is on the structural and magnetic properties of nanoclusters and their interaction
with thiol SAMs.
We report, for the first time, a ferromagnetic-like spin-glass behaviour of uncapped nanosized Au
islands tens of nanometres in size.
The flattening kinetics of the nanocluster deposition on thiol SAMs on Au(111) are shown to be
mediated mainly by the thiol terminal group, as well as the deposition energy and the particle size
distribution. On the other hand, a new mechanism for the penetration of the deposited nanoclusters
through the monolayers is presented, which is fundamentally different from those reported for atom
deposition on alkanethiols. The impinging cluster is shown to compress the thiol layer against the
Au surface and subsequently intercalate at the thiol-Au interface. The compressed thiols try then to
straighten and push the cluster away from the surface. Depending on the cluster size, this restoring
force may or may not enable a covalent cluster-surface bond formation, giving rise to various cluster-
surface binding patterns.
Compression and straightening of the thiol molecules pinpoint the elastic nature of the SAMs, which
has been investigated in this thesis using nanoindentation. The nanoindenation method has been
applied to SAMs of varied tail groups, giving insight into the mechanical properties of thiol modified
metal surfaces.
2CONTENTS
ABSTRACT 1
1 INTRODUCTION 4
2 PURPOSE AND STRUCTURE OF THIS STUDY 5
2.1 Summaries of the original publications . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Author’s contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3 NANOCLUSTERS AND SELF-ASSEMBLED MONOLAYERS 8
3.1 Properties of nanoclusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.2 Self-assembled monolayers (SAMs) . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.3 Current status-of-the-art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
4 EXPERIMENTAL TECHNIQUES AND PROCEDURES 10
4.1 Cluster deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
4.1.1 Kinetic energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
4.1.2 Free clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4.1.3 Cluster size distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4.2 Surface characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
4.2.1 Scanning Tunnelling Microscopy . . . . . . . . . . . . . . . . . . . . . . . 13
4.2.2 X-ray Photoelectron Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 15
4.3 Nanoindentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.3.2 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.4 Magnetization measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
5 RESULTS AND DISCUSSION 20
5.1 Magnetic properties of Au aggregates deposited on Si substrate . . . . . . . . . . . . 20
5.2 Deposition of metal clusters on thiol SAMs . . . . . . . . . . . . . . . . . . . . . . 22
5.2.1 Morphology and lateral distribution of the deposited clusters . . . . . . . . . 23
5.2.2 Au cluster-SAM interaction . . . . . . . . . . . . . . . . . . . . . . . . . . 23
5.2.3 Ag cluster-SAM interaction . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.2.4 Cu cluster-SAM interaction . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.2.5 Chemical interaction between the clusters and the SAM . . . . . . . . . . . 26
5.3 Mechanical properties of self-assembled monolayers . . . . . . . . . . . . . . . . . 28
6 SUMMARY 31
ACKNOWLEDGMENTS 32
REFERENCES 34
41 INTRODUCTION
Nanotechnology is a young and fast growing field that concerns the study of structures sized from
1 to 100 nanometres and involves the development of materials and devices which possess at least
one dimension at that size. The impetus for nanotechnology comes from the unique properties of
nanostructures and nanostructured materials, coupled with a new generation of analytical tools that
enable to observe and manipulate the atomic- and molecular-scale objects.
There are basically two approaches to manipulate matter at the nanoscale. First, the top-down ap-
proach uses direct writing or stamping to define the desired structures, by means of traditional litho-
graphical and scanning probe methods. A counterpart to this is the bottom-up strategy that usually
makes use of the self-assembling processes for ordering of solid state structures in a variety of archi-
tectures from the atomic to the mesoscopic scale (1-100 nm).
Important entities that involve the self-assembling process are clusters and self-assembled monolayers
(SAMs). Clusters are aggregates made up of several to thousands of atoms. One distinguishing
property of nanoclusters is their large surface-to-volume ratio, which makes their physical properties
to depend to a much greater extent on their surface and interfacial environment than for bulk materials.
Thus, clusters provide a useful laboratory for investigating the structure of matter and in particular
how matter properties evolve with size [1, 2].
Self-assembled monolayers, on the other hand, are organic assemblies formed by the adsorption of
molecules on a surface, followed by surface diffusion and molecular reorientation. In particular, thiol
self-assembled monolayers have been shown to form well-defined molecules on surfaces of noble and
coinage metals and to exhibit interesting adhesion [3], friction [4], wetting [5] and wear properties [6].
Particular interest lies in their potential application as protective coatings [7] and boundary lubricants
for microelectromechanical systems [8]. Thus, understanding the effects of such monolayers on the
mechanical properties of the underlying surfaces is of key importance.
Of particular interest also in the nanotechnology field, is the metallization of organic surfaces, which
has fuelled numerous developments in molecular electronics over the past quarter century. Metal
clusters interact in many different ways with organic surfaces. The possibility to control the size and
morphology of the deposited clusters and to tune their properties, makes self-assembled monolayers
well-suited for studies and applications in nanoscience and nanotechnology [9]. Thus a better under-
standing of the interaction between clusters, the organic layer and the substrate should be assessed as
a starting point towards further possible applications.
5Novel magnetic behaviour in monolayers and nanostructures has attracted considerable interest in the
past few years. In particular, ferromagnetism induced in fundamentally non-ferromagnetic materials
when they are organized in a low-dimensional form has been an active research subject for both
theoreticians and experimentalists [10–16]. However, a well-accepted model that explains the origin
of this behaviour is still lacking.
The exploration of low energy cluster beams is a promising growing technique, motivated by re-
cent trends in pushing the requirements in terms of dimensions, deposition energy, and processing
temperatures towards the limits hardly attainable by other techniques widely applied in research and
industry [17]. Low energy deposition has several appealing features such as the capability of con-
serving the original properties of the clusters from the free phase to the supported state. The nature
of the substrate is also important in determining cluster mobility, reactivity, defects generation and, in
general, dissipation and redistribution of the impact energy. Since the properties of cluster assembled
films are strongly related to their nanostructural morphologies resulting from a specific nucleation and
growth process, one has to figure out what is likely to occur when clusters are deposited on a surface
in order to understand and consequently control thin film morphologies.
Central to the deposition of clusters on surfaces is a comprehensive microscopic description of the
cluster-surface interactions and the cluster rearrangement on the surface. The present thesis describes
an experimental study concerning the properties of coinage metal clusters (Au, Ag and Cu), covering
various aspects in cluster interaction with the substrate and self-assembled monolayers.
2 PURPOSE AND STRUCTURE OF THIS STUDY
The purpose of this thesis is to provide a better understanding of the cluster-surface interaction,
and how self-assembled monolayers (SAMs) can be used to control the interfacial properties. More
specifically, the thesis aims to assess the following points:
- The surface effect on the magnetic properties of nanocrystalline Au films.
- The structural evolution of noble metal clusters deposited on thiol SAMs.
- The SAM-metal cluster interaction.
- The mechanical response of thiol SAM modified metal surfaces.
This thesis consists of this summary and four research publications either published, accepted for
publication or under review in peer-reviewed international journals. The four publications in this
thesis are referred to by bold-face Roman numerals. This summary consists of six sections. In this
section, the publications are summarized and the author’s contribution explained. Section 3 provides
6an overview of metal cluster and self-assembled monolayer properties. Section 4 outlines the various
experimental methods, focusing the discussions on cluster production and analysing tools. Section 5
is devoted to discussions of the main results. Finally, a summary is presented in section 6.
2.1 Summaries of the original publications
In publication I, experiments showing for the first time a spin-glass behaviour of nanocrystalline Au
films upon application of a strong magnetic field are presented. In publication II, the deposition of
gas-phase gold clusters on thiol self-assembled monolayers (SAM) on Au(111) surfaces is studied
and the dynamics of the penetration of the clusters through the monolayers are identified. The study
is extended in publication III to coinage metals to assess a more general binding mechanism of the
deposited clusters to the SAM modified Au(111) surfaces. Publication IV concerns the mechanical
properties of thiol modified metal surfaces.
Publication I: Spin-glass magnetism of Surface Rich Au Cluster Films,
L. Costelle, A. Pirojenko, V. Tuboltsev, A. Savin, K. Mizohata, and J. Räisänen, Applied Physics
Letter 99, 022503 (2011).
In this publication, the magnetic response of nanosized uncapped Au islands was measured us-
ing a superconducting quantum interference device magnetometer. The magnetization vs. field
hysteresis loop as well as the zero-field cooled (ZFC) and the field cooled (FC) magnetization
measurements clearly show the existence of the ferromagnetic-like ordering in the Au nano-
sized aggregates. The Au magnetic response is assumed to be due to the surface effects in the
nanosized islands and the large fraction of canted surface magnetic moments which interaction
and mutual orientation differ from the bulk diamagnetic order.
Publication II: Binding of deposited gold clusters to thiol SAM modified Au(111) surfaces,
L. Costelle, M. T. Räisänen, T. Järvi, V. Tuboltsev, and J. Räisänen, Applied Physics Letter 98, 043107
(2011).
In this publication, we used low energy deposition (0.3 eV/atom) to immobilize gas-phase gold
clusters on an Au(111) substrate covered with thiol self-assembled monolayer (SAM). To gain
an insight into the penetration mechanisms of the pre-formed clusters through the monolay-
ers and a better understanding of the Au cluster interactions with SAMs, we have combined
scanning tunnelling microscopy (STM) studies and molecular dynamic (MD) simulations. De-
pending on the deposition energy, within a very narrow energy window, significantly differing
cluster-surface binding patterns result. These go from non-binding to full contact and include
7intermediate configurations in which the clusters are bound to the underlying Au(111) surface
via molecular links and nanowires.
Publication III: Penetration and structural evolution of gas-phase coinage metal clusters in thi-
olate self-assembled monolayers,
L. Costelle, M. T. Räisänen, C. Silien, J. T. Joyce, L-S. Johansson, J. M. Campbell and J. Räisänen,
submitted to Physical Chemistry Chemical Physics.
Based on the previous work, the binding mechanisms of gas-phase Au, Ag and Cu clusters
to thiol SAMs are investigated using scanning tunnelling microscopy and x-ray photoelectron
spectroscopy studies. We have shown that alkanethiol SAMs can be used to inhibit metal cluster
flattening upon deposition (in case of Au clusters), and to limit their diffusion and mobility at
the surface (Cu and Ag clusters). On the other hand, the Au clusters are shown to penetrate
through the monolayer as a whole and to retain partially their geometry, whereas atom-by-atom
diffusion and/or defects-mediated penetration are proposed for the Cu and Ag clusters.
Publication IV: Mechanical response of nanometer thick self-assembled monolayers on metallic
substrates using nanoindentation,
L. Costelle, P. Jalkanen, M. T. Räisänen, L. Lind, R. Nowak and J. Räisänen, accepted for publication
in Journal of Applied Physics 110, (2011).
Related to the experimental results in publications II and III, the compression of the organic
monolayers is evidenced by the application of an external load using nanoindentation, giving
insight into the mechanical response of the thiol modified metal surfaces. Careful analysis of a
large number of experimental data points enabled us to differentiate the effects stemming from
the substrate, the loading rate, and the orientation and reactivity of the molecules.
2.2 Author’s contribution
Thermal evaporation experiments were carried out at Micronova of the Aalto University. The
cluster deposition experiments were carried out at the Nanomaterials Laboratory of the University
of Helsinki. The author set up and carried out all the sample preparation in publications II-IV. In
addition, the author carried out the cluster deposition experiments in publications II and III. Analy-
sis of the results and writing of the manuscripts was mainly done by the author for all the publications.
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ERS
3.1 Properties of nanoclusters
Clusters are aggregates made up of a few up to many thousands of atoms. They form transitional
physical objects between individual atoms, with discrete energy levels, and condensed bulk matter
characterized by energy bands. Thus, clusters form excellent models to investigate the structure of
matter from the atomic to the macroscopic scale. Much of the impetus to study clusters arises from
their novel properties that are different from their bulk counterparts and from the desire to miniaturize
electronic and mechanical devices. Clusters have their electrons confined to a small volume. This
size effect leads to electronic, mechanical, optical, magnetic, catalytic and many other properties, that
make clusters of great interest for applications in several emerging technologies [18–22].
The technological exploitation of clusters as building blocks requires their immobilization or synthesis
on the surface as the initial preparation step. Deposition of metal clusters directly on bare metal
surfaces leads to alteration of the cluster properties due to the interaction with the substrate, making
the clusters less or even non-functional. Therefore, a detailed understanding of the kinetics of the
cluster deposition and subsequent interaction with the substrate is imperative if nanoclusters are to be
used in practical applications.
Coinage metals, namely Au, Ag and Cu, were chosen in this thesis because of their catalytic, optical
and electrical properties, enabling numerous applications in catalysis [23, 24] and optoelectronics [13,
15, 25, 26].
The cluster production technique used in this thesis is introduced in section 4.1. Characterization of
the nanoclusters is done by using a variety of techniques, namely, the scanning tunnelling microscope
(STM) to investigate the morphology of the deposited clusters, the x-ray photoelectron spectroscopy
(XPS) to derive their chemical properties and assess the cluster-surface interaction mechanisms
and the superconducting quantum interference device (SQUID) based magnetometer to measure
the magnetic properties of Au nanoclusters. Fundamentals of the STM, the XPS and the SQUID
magnetometry are described in sections 4.2.1, 4.2.2 and 4.4, respectively. Results on the magnetic
properties of Au nanosized-aggregates deposited on Si substrate are outlined in section 5.1 and
section 5.2 is devoted to the penetration and structural evolution of Au, Ag and Cu clusters in thiolate
self-assembled monolayers.
93.2 Self-assembled monolayers (SAMs)
Figure 1: (a) Schematic diagram of SAM and (b) high-resolution STM image of DDT SAM modified
Au(111) on mica surface.
Self-assembled monolayers (SAMs) are ordered molecular assemblies formed by the adsorption of
molecules from solution or the gas phase, followed by a spontaneous chemisorption onto a sur-
face [9, 27, 28]. The specific affinity of the head group is the defining feature of the chemisorp-
tion. Widely used systems are alkanethiol-terminated SAMs which chemisorb spontaneously onto
surfaces of noble and coinage metals by forming a strong bond between the sulphur head group and
the surface. The molecular chains, or backbones, are oriented away from the metal surface and in-
teract laterally through van der Waals forces. These determine the thickness of the organic layer.
The functional terminal groups that are pointing outwards determine the interfacial properties of the
SAMs. The ability to tailor the head and tail groups, as well as the ease of preparation and the well-
defined structures, make SAMs potential candidates for applications in corrosion prevention [29],
wear protection [6, 30] and wetting control [5, 31].The mechanical properties of thiolate SAMs are
investigated using nanoindentation. Principles of the techniques are described in section 4.3, and the
results are outlined in section 5.3.
The SAMs considered in the present thesis are the following: 1-dodecanethiol
(DDT, SH(CH2)11CH3), terminated by a hydrophobic -CH3 tail, and 11-mercaptoundecanoic
acid (MUA, SH(CH2)11COOH), terminated by a hydrophilic -COOH tail. The SAMs were prepared
by immersing freshly evaporated Au and Ag substrates in a 1 mM EtOH (absolute) solution of the
appropriate thiol for 24 h at room temperature. After removal from the solutions the samples were
rinsed with EtOH and dried in a nitrogen stream. Figure 1 (a) shows a schematic diagram highlighting
the molecular structures of alkanethiol SAMs and Figure 1 (b) shows a typical large-scale STM
image of a DDT SAM modified Au(111) on mica. The atomically flat terraces in the image are
characteristic of Au(111) epitaxially grown on mica [32].
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3.3 Current status-of-the-art
Most studies on metallization of organic surfaces have been conducted using atom deposition [33, 34].
Typically, the evaporation of metal atoms onto alkanethiol SAMs results in a penetration of the atoms
through the monolayer via its structural defects and the growth of two-dimensional structures with
monoatomic height at the SAM-substrate interface. As a consequence, the metal-molecule inter-
actions are complex and strongly depend on the organic monolayer and the experimental condi-
tions [35, 36]. In contrast, gas-phase cluster deposition allows more control over the properties of
the deposited clusters. However, while the penetration of the atoms through the organic monolayer
can be controlled either by a suitable selection of the functional terminal groups or by a cross-linking
of the molecular chains [37], the involved mechanisms are still poorly understood. For instance, un-
derstanding the driving force for cluster penetration through the monolayer and the growth modes are
of key importance in surface science.
One of the most interesting examples of the complex interaction between nanoclusters and alka-
nethiols is the observation of room temperature magnetism of alkanethiol-capped Au nanoparticles,
which has fuelled many debates about the origin of this unexpected behaviour, since bulk gold
has diamagnetic properties. The charge transfer occurring between the Au nanoparticle and the
capping molecules, as well as the strong spin-orbit coupling of gold were found to be the main
factors endowing alkanethiol-capped Au nanoparticles their magnetic properties [10, 13, 15, 16, 38–
41]. Theoretical studies, on the other hand, have predicted the existence of ferromagnetism in
uncapped Au nanoclusters [14] and thin films [11], but this has never been observed experimentally
to date. A salient question would be whether uncapped Au nanoparticles can indeed be ferromagnetic.
4 EXPERIMENTAL TECHNIQUES AND PROCEDURES
4.1 Cluster deposition
Low energy cluster beam deposition methods offer several advantages over other cluster deposition
techniques, such as electrochemical [42] or vapour deposition techniques [43]. Neutral or charged
clusters can be generated by either pulsed beam techniques, e.g. laser ablation [44, 45] and pulsed
arc plasma [46], or by thermal evaporation [47, 48] followed by inert gas condensation. The cluster
size can be controlled using standard size selection techniques, e.g. time of flight (TOF) mass spec-
trometer [47–49]. The low deposition energy enables a soft landing of the clusters on the surface
without fragmentation nor inducing any damage to the surface. The gas condensation technique [50]
has become a promising method, owing to its applicability to a wide range of materials.
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Figure 2: Schematic overview of the gas aggregation source.
In brief, a discharge is generated by a direct current magnetron equipped with the metal target. An
inert gas, typically argon, sweeps the vaporized atoms into the aggregation chamber, where they
cool down through collisions with the inert gas and condensate from the super-saturated vapour into
clusters. The clusters are then swept out of the aggregation chamber by the inert gas flow toward
an aperture, and subsequently deposited on a substrate. The cluster formation process depends on
various source parameters, such as the magnetron power, the gas flow rate, the kinetic energy spread
of the beam, the aggregation length and the partial pressure [50, 51]. Apart from these parameters, the
cluster output is sensitive to many other factors, such as the choice of the target material. The cluster
yield for instance may be influenced by the binding energy of the clusters [52].
The instrument employed for generating clusters in the present thesis is an NC200-UHV gas aggre-
gation source manufactured by Oxford Applied Research. A schematic overview of the instrument is
shown in Figure 2.
4.1.1 Kinetic energy
The cluster formation process through supersonic expansion involves a gas of molecular or atomic
mass m expanding from a stagnation region at high pressure into vacuum through a small orifice [17].
During adiabatic expansion, atoms collide with each other and exchange energy, which make the
relative velocity of the gas atoms greatly reduced. Consequently, all the atoms will be moving at
nearly the same speed, V . Therefore, a simple and easy way to approximate the deposition energy
under these conditions is based upon the fact that the cluster velocity Vc is close to the expanding gas
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velocity and that the kinetic energy of a neutral cluster is proportional to the cluster size N.
The velocity Vc and kinetic energy Ec are described as follows [53]:
Vc ≈ V =
√
γ
γ−1
2kBT0
m
(1)
Ec =
1
2
NMaV 2c (2)
where γ, kB and T0 are the heat capacity ratio (CpCv ) , the Boltzmann constant and the temperature of
the source gas, respectively, and Ma is the atomic mass. The heat capacity ratio for a monoatomic
ideal gas is γ = 53 .
Equation (2) has been used in the present thesis to approximate the cluster deposition energy at room
temperature. For example, for Au clusters Ec = 0.3 eV/atom.
4.1.2 Free clusters
At low temperatures, the most energetically stable structure of a free cluster is strongly determined by
the minimization of its total energy. The equilibrium shape of clusters has been extensively studied
in the latest twenty years, and found to depend on the material and size of the cluster [54–56]. In
general, the binding energy EB of a cluster containing N atoms is given by [57]:
EB = aN +bN2/3 + cN1/3 +d (3)
where the first term corresponds to a volume contribution, while the others represent surface contri-
butions from facets, edges, and vertices. It is evident from the equation that in order to minimize the
surface energy, a cluster must have a quasi-spherical shape and close-packed facets.
4.1.3 Cluster size distribution
Let us assume that the gas-phase clusters have a spherical shape. The total number of atoms in a
cluster in the spherical approximation is given by:
N = ηKepler
(
Rc
ra
)3
(4)
where ηkepler, Rc and ra are the densest packing of spheres, the cluster radius, and the atomic radius,
respectively. The densest packing of spheres for a face-centred cubic (FCC) lattice is pi3√2 [58].
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Equation (4) has been used in publication II to approximate the mean cluster size of Au clusters at
low coverage. Of course, by using this equation, one assumes that no coalescence of clusters has
happened on the surface.
4.2 Surface characterization
4.2.1 Scanning Tunnelling Microscopy
Figure 3: Simplified schematic of an STM instrument. Credit: Michael Schmid, TU Wien.
The STM is a surface analysis tool that employs a sharp probe that scans across the sample and
measures the surface electron density, as illustrated schematically in Figure 3. Thus, if the surface
is electronically uniform, the STM image effectively represents the surface topography with atomic
resolution, which is hardly attainable with other scanning probe techniques, such as the atomic force
microscope. However, if the surface has non uniform electronic properties, for example when imaging
individual bonding states at high resolution, the interpretation of the image is more complicated. The
STM is mostly used as an ultrahigh vacuum instrument because it favours clean, well-defined and
electrically conductive surfaces, although applications in air or liquids are also possible [59].
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The STM technique employs the basic physical process of quantum tunnelling, which involves the
penetration of an electron wave function through a potential barrier [60]. When the probe tip is
brought close enough (3-10 Å) to the electrically conductive surface that is biased at a voltage V , a
tunnelling current starts to flow through the vacuum barrier. The magnitude of the tunnelling current
is given by:
I = I0e−2kd (5)
where I0 is a function of the applied voltage and the density of states in both the tip and the sample,
d is the tip-sample separation distance, and k is the decay rate, which is related to the local work
function φ by:
k =
√
2mφ
h¯2
(6)
where m is the mass of the electron and h¯ is the Planck’s constant. The exponential dependence of
the current on the tip-sample separation, or the tunnelling gap, owes the STM technique its atomic
resolution. To a rough approximation, the work function for metals is φ≈ 4 eV, thus k≈ 1 Å−1, or in
other words, for every increase of 1 Å in the tunnelling gap, the tunnelling current drops by an order
of magnitude. Most of the tunnelling current is carried out by the very end of the tip, which makes
the effective diameter of the tip very small. Typically STM tips are sharpened by chemical etching
or mechanical grinding. However, variations in the atomic arrangements at the apex of the tip lead
to different electronic states, and the STM images would then reflect the local density of states at the
Fermi level rather than the positions of the atoms. Steps, defects and grain boundaries in the surface
may also affect the electron density leading to the observation of superstructures in the STM images.
All this makes the atomic resolution images far from being a simple visual representation of the atoms
spatial locations. However, under optimal conditions, when the STM images are interpreted correctly,
they can provide useful information on the structure and bonding of atoms and molecules at surfaces.
The STM images in the present thesis were performed using a PicoScan (Molecular Imaging) STM in
constant-current mode under ambient conditions. The STM tips were mechanically cut Pt/Ir (80:20)
wires of 0.25 mm diameter (Advent Research Materials Ltd, Goodfellow). When imaging nano-
sized particles with STM, tip convolution effects lead to enlargement of the apparent diameter of the
particles. The cluster size has been corrected following the procedure described by K. I. Schiffmann
et al. [61]. The z-scale calibration of the STM was checked with the gold vacancy islands (depth 0.25
nm) which are present on dodecanethiol modified Au(111) surfaces and with C60 films on Au(111)
(height of C60 molecules 0.82 nm) [62].
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4.2.2 X-ray Photoelectron Spectroscopy
Figure 4: Schematic representation of
the photoemission process in XPS for an
oxygen atom.
The photoemission can be described as the effect of elec-
tron extraction from a material by means of electromag-
netic radiation. The effect was first detected by Hertz in
1887 [63], and later explained by Einstein in 1905 [64],
which confirmed Planck’s 1900 quantization of energy hy-
pothesis [65] - the irradiated atoms emit electrons after
direct transfer of energy from the incident photons to the
core-level electrons, without energy loss. The principle is
illustrated in Figure 4.
The scope of photoelectron spectroscopy experiment relies
on shining a monochromatic light onto a sample and mea-
suring the kinetic energy of the emitted electrons KE [66].
The basic physics of this process can be described by the
Einstein equation, simply stated as:
KE = hν−EFB −φsp (7)
where hν is the energy of the incident electromagnetic radiation, EFB is the binding energy of the
electron in the atom (referenced to the Fermi level) which is related to the type of atom and its
molecular environment, and φsp is the work function of the spectrometer. Thus, small chemical
changes induced by the local atomic environment become reflected in the core-electron binding-
energy shift also called chemical shift.
Conducting samples such as metals are grounded to the spectrometer (Figure 5 (a)). This makes the
energy level, the highest occupied energy level, of both the sample and the spectrometer to coincide.
Therefore, both KE and φsp must be measured. Accurate measurement of the photoelectron KE
requires a proper calibration and referencing of the spectrometer. Core level shifts are adjusted relative
to the binding energy of a reference material such as a clean Au standard so that the known EB values
for Au are obtained (e.g. EF = 0 eV , EB (4 f7/2) = 84 eV ).
For insulated samples, however, there is a positive charge built up by the emission of the photoelec-
trons. This can be compensated by charge-neutralizing the samples during data acquisition with slow
thermal electrons. This enables the energy of the electrons to be in electrical equilibrium with the
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vacuum level of the sample. Therefore, the measured EB depends on the sample’s work function, φs,
and the energy of the flooding electrons φe:
EvacB = E
F
B +φs = hν−KE +φe (8)
Thus, for insulators (Figure 5 (b)), EB is referenced to the vacuum level of the sample Evacs and the
energy of the flooding electrons φe. This makes it difficult or even impossible to measure absolute
values of EB. Under these conditions, internal references are usually used. For organic samples, the
hydrocarbon component (C-C) of the C 1s peak is typically set to 285.0 eV [67].
Figure 5: Energy level diagrams for (a) an electrically conducting sample and (b) a sample electrically
insulated from the spectrometer. The Fermi levels of the sample and the spectrometer in (a) are aligned
so that EB is referenced with respect to EF . The measurement of EB depends on the spectrometer
work function, φsp. The vacuum level of the sample (Evacs ) in (b) is aligned with the energy of the
charge neutralization electrons so that EB is referenced with respect to φe. The measurement of EB is
dependent on the sample work function, φs.
In publication III, the X-ray photoelectron spectroscopy technique was used to characterize the chem-
ical and physical interactions between clusters and thiolate SAMs at different cluster coverage. The
main results are outlined in section 5.2.5.
The XPS data were obtained using an AXIS 165 system (KRATOS Analytical) equipped with an
Al Kα monochromatic X-ray source operated at 100 W and 90◦ electron take-off angle. The samples
were charge-neutralized during data acquisition with slow thermal electrons trapped in the vicinity
of the sample surface. Since neutralization causes the surface Fermi levels to float, binding energies
were corrected in the high-resolution spectra by setting the Au 4f7/2 peak to 84.0 eV. A more detailed
description of the experimental procedure can be found elsewhere [68].
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4.3 Nanoindentation
4.3.1 Overview
Nanoindentation has become a widely used technique for measuring the mechanical and adhesive
properties of materials. During a nanoindentation experiment, usually a spherical or sharp inden-
ter tip is pressed into the sample and the applied load is recorded as a function of the indentation
displacement. A typical nanoindentation curve is shown in Figure 6.
Figure 6: Typical P-h curve involving plastic deformation and hysteresis between the loading and
unloading curves.
There has been continuous development of indentation equipment, such as the atomic force micro-
scope and nanoindenter, along with pertinent continuum mechanics theories and measurement pro-
cedures [5, 69–71]. However, these do not comply with the growing demand for characterization of
atomic and molecular layers of only a few nanometres thick and the standard methods for extracting
the mechanical properties from the measured force-displacement data cannot be applied directly to
ultra-thin films. This is due to various factors such as the potential influence of the substrate, difficul-
ties in calibrating properly the cantilever stiffness and in determining the geometry of the probe tip,
the effect of adhesive interactions, etc.
4.3.2 Experimental procedure
In the present thesis, we investigate the impact exerted by a single molecular layer on a metallic
substrate. The indentation experiments were performed using a Hysitron TriboIndenter (Figure 7)
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equipped with a relatively large spherical diamond tip (nominal radius of 2 µm). Using a large
spherical tip stems from the fact that larger contact area between the tip and the sample acquires
the collective response and therefore the surface deformations are reflected better [72, 73]. A
specimen indentation measurement contained 3 to 6 well separated sites covering roughly the
whole sample area. At each site, indentations were made over a pattern of 5 to 25 points with
5 µm lateral and horizontal separation, the total number of indentations per specimen ranging from
25 to 125. Being well aware that the tests explore the limits of the capability of the instrument,
special precautions were taken to achieve satisfactory accuracy. The shielding of the nanoindentation
tester against magnetic and electric fields and the integration of humidity/temperature sensors en-
sured a low noise floor levels of loading and depth. Results of the method are discussed in section 5.3.
Figure 7: The Hysitron Triboindenter showing the characteristics of the main components.
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4.4 Magnetization measurement
In publication I, we report on a ferromagnetic-like spin-glass behavior of Au aggregates (>10 nm in
size) which magnetic properties were studied using a superconducting quantum interference device
(SQUID) based magnetometer.
In brief, a SQUID magnetometer is a very sensitive device used to detect extremely weak magnetic
fields associated with flux quantization. The central element of a SQUID is a superconducting loop
containing two parallel Josephson junctions connected to a bias current. Figure 8 illustrates schemat-
ically its principle: when a constant biasing current is applied to the SQUID device, the measured
voltage is modulated periodically with the applied flux, which enables the evaluation of the change in
the magnetic flux. The SQUID magnetometer provides computer-assisted measurements of tempera-
ture and field dependences of sample magnetizations [74].
In the present thesis, a SQUID magnetometer (Quantum Design MPMS-XL7) was used providing a
magnetic field up to 70 kOe within a wide range of experimental temperatures from 1.8 to 400 K.
Special care was taken to avoid introducing magnetically active contaminants at all stages of the
sample preparation, manipulation and analysis. Measurements were performed in the sample vibrat-
ing mode with the magnetic field normal to the sample surface. The results are outlined in section 5.1.
Figure 8: (a) Schematic representation of a SQUID magnetometer and (b) its V -φ curve. Changes in
the magnetic field (∆φ) correpond to an increase of one flux quantum φ0.
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5 RESULTS AND DISCUSSION
5.1 Magnetic properties of Au aggregates deposited on Si substrate
Figure 9: FESEM image of a nanocrystalline Au film.
Recently, unexpected magnetism was observed in thiol-capped gold nanostructures and was mainly
attributed to chemically triggered electronic charge transfer due to the S-Au binding [12, 13, 15]. On
the other hand, theoretical studies have predicted the existence of ferromagnetism in small uncapped
Au nanoclusters (<1 nm) and thin films, but this has never been observed to date.
The magnetic properties of quasi-two-dimensional uncapped Au aggregates tens of nanometers in size
were investigated in publication I. This section outlines the main results. Figure 9 shows an FESEM
(Field Emission Scanning Electron Microscopy) image of Au clusters deposited on a Si substrate
forming a thin film of islands approximately 10-50 nm in size covering about 50% of the surface.
Measurements of the magnetization M vs. the applied magnetic field H of Au nanocluster film on
Si substrate reveals a clear ferromagnetic-like hysteresis loop after subtraction of the diamagnetic
contribution originating from the substrate as shown in Figure 10. The saturation moment Ms,
the remanent magnetization Mr, and the coercivity of remanence Hr of the Au islands at 1.8 K
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are ∼25 emu/cm3, ∼4 emu/cm3, and ∼200 Oe, respectively. The saturation moment corresponds
to about 3× 10−2 µB/atom that lies in the order of magnitude reported for capped Au nanoclus-
ters [10, 12].
Figure 10: Magnetization as a function of the magnetic field measured at 1.8 K. From publication I.
Measurement of the temperature dependence of the magnetization induced by the magnetic field
of 100 Oe reveals irreversibility between the zero field cooling (ZFC) and the field cooling (FC)
curves for temperatures up to Tirr ∼ 300 K, and a slight drop in the magnetic moment with increasing
temperatures.
The momentary application of an external magnetic field of 70 kOe at 1.8 K after FC and subsequent
measurement of the temperature dependence of the magnetization in 100 Oe, as shown in Figure 11,
resulted in a remanent positive magnetization (i.e., along the applied field) that turned out to be quite
stable with respect to the following annealing up to 330 K.
In publication I, it was argued that the magnetic system associated with such a nanostructured
film having high surface atomic fraction should be strongly affected by the uncompensated sur-
face/interface spins which order is known to differ from that in the bulk due to the reduced coordina-
tion. The competition between spin ordering in diamagnetic bulk-like core gold and canted spins shell
is assumed to introduce frustration into the magnetic system causing the spin glass-like behaviour per-
sisting up to rather high temperatures (∼Tirr). This indicates that in the strong magnetic field, at least
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certain part of the gold magnetic moments underwent reorientation, so that non-diamagnetic in na-
ture interaction between them gave rise to the positive remanent magnetization persisting up to a
temperature as high as ∼330 K.
Figure 11: ZFC and FC magnetization of Au nanocluster film on Si substrate (in 100 Oe) before
(bottom curve) and after (top curve) the momentary application of an external magnetic field of 70
kOe. From publication I.
In conclusion, in publication I, we evidenced for a ferromagnetic response of quasi-two-dimensional
Au aggregates tens of nanometers in size. The large size of the Au aggregates in the presented
work, compared to earlier experimental studies, lies at the crossover between isolated nanoparticles
and continuous films, and thus opens up the debate about the well accepted models of the origin of
ferromagnetism induced in fundamentally non-ferromagnetic nanostructures.
5.2 Deposition of metal clusters on thiol SAMs
The metal cluster deposition on thiol SAMs has been investigated in publications II and III using
STM and XPS measurements. The focus is on the structural evolution of the deposited clusters and
their interactions with the organic layers.
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5.2.1 Morphology and lateral distribution of the deposited clusters
Figure 12 shows large-scale STM images of Au, Ag and Cu clusters deposited on DDT SAM mod-
ified Au(111) substrates. At low coverage, the Au and Ag clusters form compact islands and two-
dimensional aggregates, respectively, randomly distributed on the sample surface and no preferential
growth is observed at the step edges of the Au film. However, the Cu clusters form two-dimensional
islands, with enhanced concentration at the step edges.
Figure 12: Large-scale STM images of (a) Au, (b) Ag and (c) Cu clusters deposited at low coverage
on DDT SAM/Au(111). Reproduced from publication III.
5.2.2 Au cluster-SAM interaction
Figure 13: High resolution STM image of a Au cluster deposited on a DDT SAM modified Au(111)
surface. The FFT image in the inset shows a typical hexagonal (
√
3×
√
3)R30◦ structure of a DDT
SAM. Reproduced from publication III.
The high resolution STM image in Figure 13 clearly shows the thiol SAM on top of the deposited
Au cluster, as evidenced in the Fast-Fourier Transform (FFT) image presented in the inset, showing
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the typical hexagonal structure of the DDT SAM. This indicates that the thiol molecules are able to
reorganize into well-ordered SAMs after the Au cluster deposition.
Figure 14 shows a histogram of the aspect ratio of the Au clusters deposited on a SAM modified
Au(111) surface with low coverage . The Au clusters undergo some flattening, but are not reduced to
the monolayer height. The relatively better conservation of the spherical cluster shape in our study
indicates the relevance of the SAM surface in preserving the cluster morphology.
Figure 14: Aspect ratio distribution of Au clusters deposited on DDT SAM modified Au(111) surface.
The effective mean cluster aspect ratio is ca. 5, indicating that the clusters do not undergo strong
flattening upon impacting on the surface.
5.2.3 Ag cluster-SAM interaction
When deposited on bare Au(111), Ag clusters form smooth terraces with very irregular atomic steps,
as shown in Figure 15 (a). The absence of island-like structure on terraces such as those seen in the
presence of DDT SAM (Figure 15 (b)) indicates a higher mobility on the bare Au surface, which
shows the relevance of the SAM molecules in limiting the mobility of the Ag clusters.
Figure 16 shows STM images over Ag clusters deposited on DDT SAM/Au(111). Hexagonal
structures which are characteristic of DDT SAM [75], are easily resolved in unmodified SAM
domains as shown in the high-resolution STM image in Figure 16 (b) (solid line contour). However,
when we try to image the Ag islands (dashed line contour), the characteristic structures of the DDT
SAM/Au are not found. This strongly suggests that the thiol molecules do not re-organize on top of
the deposited Ag clusters.
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Figure 15: Large-scale STM images of Ag clusters deposited at high coverage on (a) a bare Au(111)
substrate and (b) a DDT SAM/Au(111). Reproduced from publication III.
Figure 16: STM images of 0.1 ML Ag clusters deposited on a DDT SAM/Au(111) surface. Panel (b)
is a high resolution STM image of the outlined area in panel (a). The hexagonal structures outlined by
the solid line contour, are characteristic structures of the DDT SAM. The dashed line contour outlines
the Ag clusters. From publication III.
5.2.4 Cu cluster-SAM interaction
Figure 17 shows STM images of Cu clusters deposited on DDT SAM modified Au(111) surface. The
brighter features visible inside the Cu islands (black arrows in Figure 17 (a)) were found to evolve
upon scanning with the STM tip. This evidences for interfacial rearrangement and suggests a very
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strong interaction between the Cu and the substrate. Figure 17 (b) shows a high resolution image of
the area outlined in panel (a). Although molecules are easily resolved in unmodified SAM domains,
the DDT molecules in these Cu islands could not be seen at high resolution. This indicates that the
integrity of the monolayer is affected upon Cu cluster deposition.
Figure 17: STM images of Cu clusters deposited at low coverage on a DDT SAM/Au(111) surface.
Panel (b) is a high resolution STM image of the outlined area in panel (a). The high-contrast features
pointed by red arrows are indicative of interfacial rearrangement. Reproduced from publication III.
5.2.5 Chemical interaction between the clusters and the SAM
In publication III, the penetration of the clusters through the alkanethiolate SAMs on Au, as well
as the corresponding structure of the interface were studied using XPS experiments. Results for
Cu clusters deposited on DDT SAM modified Au(111) surface at varying coverage are shown in
Figure 18.
High resolution XPS spectra of the Cu 2p region prior to and after Cu cluster deposition are shown
in Figure 18 (a). The Cu 2p spectrum clearly shows two components (inset of the Cu 2p spectra), a
peak centred at 932.5 eV assigned to the Cu(0)/Cu(I) [29, 76] and a peak shifted to higher binding
energy at about 935 eV [76]. A likely source of this peak would be a Cu-S moiety, which would arise
from reaction with the thiolate unit [76]. Figure 18 (b) shows the corresponding XPS spectra of the
S 2p region. The reference DDT SAM/Au(111) exhibits a single peak centred at 162.2 eV assigned to
the Au-S thiolate bond. After Cu deposition, at low coverage, a new peak located at about 168.9 eV
arises, typically attributable to CuSO4, seemingly indicating oxidation of sulphur [76].
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Increasing further the Cu coverage leads to a decrease of the S 2p (Figure 18 (b)) and Au 4f (Fig-
ure 18 (c)) peaks of about 25% and 66%, respectively. This strongly suggests that some of the Cu clus-
ters insert at the thiol/Au interface, whereas a smaller fraction lands on top of the thiol molecules [35].
Figure 18: High resolution XPS spectra of the (a) Au 4f, (b) Cu 2p and (c) S 2p core levels of the
DDT SAM prior to (Ref. SAM) and after Cu cluster deposition. The Cu coverage was kept below
1 ML in all cases. The inset in panel (b) is a zoom of the Cu 2p spectrum at low coverage. From
publication III.
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To account for the XPS and STM observations in publication II and III, the observed penetration of
the Au clusters through the DDT monolayer, the partial conservation of their initial morphology, and
the subsequent reorganization of the SAM on top of them strongly suggest that the clusters penetrate
through the organic monolayer as a whole. Indeed, in publication II, we have suggested a mecha-
nism in which the impinging Au clusters compress the thiol layer upon impact before reaching the
underlying Au substrate, with a subsequent reorganization of the SAM on top of the cluster. One can
a priori speculate on a similar scenario for Ag and Cu clusters. Indeed, alkanethiolate monolayers
have been shown to form on Au, Ag and clean Cu surfaces, with a lesser stability on the latter [29].
However, in the present study the Ag and Cu clusters form two-dimensional aggregates and surface
defects are known to affect strongly the ordering of the SAMs [28, 77, 78]. This is clearly supported
by the inability to observe the DDT SAM/Au on top of Cu and Ag clusters in the high-resolution STM
images in Figures 16 (b) and 17 (b), whereas the molecules could easily be resolved in unmodified
SAM domains. We propose that the poorly-defined monolayers on Cu and Ag clusters form transient
defects or nucleation sites and enhance locally the penetration of the following deposited clusters
through the SAM. One other intriguing possibility is atom by atom diffusion of the Ag or Cu cluster
at the Au(111) surface, a mechanism similar to that depicted by Duffe et al. [79, 80].
In conclusion, low kinetic energy gas-phase Au, Ag, and Cu clusters all penetrate through DDT
SAMs. However, if the thiol molecules are seen to re-organize into well-ordered SAMs on the Au
clusters, they form ill-defined structures above the Cu and Ag islands. While Au clusters are be-
lieved to penetrate through the monolayer as a whole and retain partially their geometry, the strict
flattening of the Ag and Cu clusters suggest a different mechanism. Atom-by-atom diffusion or
defects-mediated penetration are proposed to play an important role.
5.3 Mechanical properties of self-assembled monolayers
The compression and straightening of the thiol molecules, outlined in the previous section, convey to
an elastic nature of the SAMs. In publication IV, the mechanical properties of SAMs of varied tail
groups have been investigated using nanoindentation.
The nanoindentation load-depth (P-h) curves recorded during ultra-shallow penetration of the large
(R = 2 µm) spherical diamond tip into 11-mercaptoundecanoic acid (MUA, SH(CH2)11COOH) and 1-
dodecanethiol (DDT, SH(CH2)11CH3) SAM modified Au and Ag substrates are shown in Figure 19.
The mechanical response is clearly shown to depend drastically on the deformation rate in case of
the MUA modified Au films, while it remains loading rate insensitive, when Au is covered with the
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Figure 19: The effect of MUA and DDT SAMs on the mechanical response of coated Au substrate
indented with high (dP/dt = 5 µN/s) and low (dP/dt = 2 µN/s) rates (a,b) and Ag substrate indented with
low rate (c) revealed by ultra-shallow nanoindentation experiments. Complete loading-unloading data
for Au (a,b) and Ag (c) substrates are demonstrated for sake of comparison. From publication IV.
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DDT monolayer. This is evidenced by a rate hardening effect for MUA/Au and a more pronounced
hysteresis between loading and unloading than the data of plain Au and DDT/Au.
On the other hand, the indentation curves for MUA/Au at a low loading rate show a depth-dependent
functional response, with an onset of plastic deformation at around 0.8 nm depth, whereas at a high
loading rate, the P-h curve exhibits a more linear dependence. When the effect of the substrate is of
concern, it is evident from the P-h profiles that the DT SAM hardens and stiffens Ag considerably in
contrast to the MUA SAM which induces marked softening and plastic behaviour.
While alkanethiols are terminated by CH3 groups which are chemically inert and can interact with
other species only through weak van der Waals forces, MUA monolayers are terminated by carboxyl
groups, which are chemically much more reactive and capable of interaction via hydrogen-bonding. It
is well known that alkylthiols with COOH-termination form less ordered SAMs than CH3 terminated
alkanethiols and exhibit a high density of gauche defects. In contrast, self-assembling systems of
alkanethiols that terminate in nonpolar groups produce a lower surface energy, and due to their high
hydrophobicity, and compact packing structures, they usually have low adhesion and friction [28].
On the other hand, as discussed in publication IV, the bare Ag surface exhibits a more rough sur-
face (RMS = 1.0 nm) and larger creeping during the dwell time (0.25 nm), compared with Au
(RMS = 0.5 nm, and creeping = 0.10 nm). The roughness strongly influences the orientation of
the molecules and the effective projected area of the indenter tip, as has been reported for friction
studies [81]. Therefore, large variation of adhesive and elastic response is expected [82] and the Ag
surface asperities are reached earlier due to their greater roughness. The misaligned molecules on
the rough Ag surface on the other hand causes more gauche defects and may initiate higher disorder
already at the beginning of the indentation because there is no strong local preference for bending
compared to the behavior on the Au substrate.
Therefore, we contend that the differences in the mechanical responses stem from the degree of order
and the tail group of the SAMs (-CH3 and -COOH for DDT and MUA, respectively), and the nature
and topography of the underlying substrate.
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6 SUMMARY
The topic of the present thesis is the marriage between surface science, nanoclusters and organic sur-
faces. We showed how magnetic frustration caused by canted surface spins may affect the diamagnetic
properties of uncapped Au nanoclusters and generate ferromagnetic-like spin-glass behaviour. This
novel finding contradicts the well-accepted models concerning the origin of ferromagnetism induced
in non-ferromagnetic nanosctructues and calls for deeper investigation in this field.
The metal cluster interaction with dodecanethiolate self-assembled monolayers on Au has also been
investigated and a simple mechanism for cluster penetration through the monolayer has been pro-
posed. For Au clusters, the model involves a compression of the thiol molecules upon cluster deposi-
tion, intercalation of the cluster at the S-Au interface and subsequent reorganisation of the molecules
on top of the clusters. Whereas in the case of Ag and Cu clusters, defects-mediated penetration and
atom-by-atom diffusion are proposed to play an important role.
Compression of the thiol molecules sheds light on the elastic nature of the SAM. This has been
investigated using nanoindentation, which gave insight into the mechanical properties of thiol self-
assembled monolayers.
The present thesis has resulted in a number of interesting experimental observations, that may open
new roads towards controlled nanostructuring of metal surfaces using nanoclusters and self-assembled
monolayers, which find applications in emerging spintronics and biomedicine.
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